We have introduced the concept of genomic`style' of proteins. By style we understand those properties of a large set of proteins which are specific to the genome of one species (species primary-self) and different from the genome of another species (species contrasted-self). To characterise the style, we took advantage of the frequencies of amino acids and dipeptides present in non-identical segments of the complete set of orthologous ribosomal proteins encoded by 16 microbial species. We confirm the dependence of the overall amino acid composition on the genomic (G+C) content, and introduce a rectification procedure making it possible to extricate appropriate species-specific characteristics, which are no longer related to this content. The rectified frequencies are used to calculate inter-species distance matrices, and to build genomic evolutionary trees. Remarkably, the phylograms derived from the frequencies of non-identical residues in proteins closely resemble the classical phylograms based upon the conservation of identical residues in ribosomal RNAs. We believe that the concept of genomic style of proteins can be a useful tool for the study of evolution. ß
Introduction
Comparison of proteins from di¡erent species is one of the most powerful and popular approaches in the study of molecular evolution and genetics. It is based, essentially, on various methods where the primary sequences of two (or more) proteins from di¡erent species are aligned by a dynamic programming, seeking the most parsimonious path relating them, either globally (e.g. [1] ) or locally (e.g. [2] , see [3] for review). Whatever the method used, the amino acid residues that are identical in the compared sequences play the pivotal role on which the alignment is anchored and the evolutionary trees are built, while the non-identical residues, according to the various amino acid similarity matrices used for the comparison, act as helpers or constitute a burden in the procedure. The aim of this work is to take advantage of these non-identical residues in order to characterise the genomic`style' of orthologous proteins. By style we understand those properties of a large set of proteins that are speci¢c to the genome of species, di¡erent from the genome of another species, and nevertheless take part in the function and structure of homologous protein.
In this work we shall characterise the genomic style: (i) by aligning with standard methods all ribosomal proteins encoded by the 16 microbial species whose genomes have been completely sequenced; (ii) by counting the frequencies of individual amino acids, and the frequencies of dipeptides in all non-identical segments of pairwise alignments of orthologous proteins ; (iii) by summing up these frequencies from all di¡erent ribosomal protein families, and comparing them in all inter-species pairwise combinations (with or without a correction for the dependence on the genomic (G+C) content); and (iv) by deriving from the frequencies the evolutionary distances between various genomes, and constructing evolutionary phylograms. Table 1 summarises some characteristics of the set which constitutes the basis of the present work.
The concept of the genomic style of proteins, and the methods used
Let us consider a pair of sequences from two species i and j. They have been aligned and display highly signi¢-cant identity/similarity scores (e.g. the Smith^Waterman score [2] , Blast score [4] , Z value [5, 6] , etc.). In addition, there is some experimental evidence that their function (biochemical, physiological, morphogenetic, etc.) is similar, if not identical, in both species. According to the paradigm, the two sequences should be viewed as truly orthologous ones that have evolved through speciation from a common ancestor. However, some positions of the sequence are occupied by di¡erent residues in species i and j. The causes of these di¡erences may be multiple, we shall cite but a few. One could think that they result from Darwinian pressures for adaptive ¢tness (e.g. residue x in position y has a positive selective value for species i, but not for species j, while residue xP at the same position is selected in species j). Alternatively, the di¡erence x/xP could be selectively neutral, and would result from random historical accidents in evolution [7] . Another possibility would be that a pressure at a di¡erent level, not related to the function of the protein itself, favours the presence of amino acid x in species i, as in the well-documented relationship between the (G+C) content of the The 947 protein sequences, annotated as ribosomal proteins or their homologues, from the 16 completely sequenced genomes were aligned in all possible pairwise combinations, as in the example given in Fig. 1 . The LASSAP suite of programs was used for the Smith^Waterman [2] alignment, and calculations of Z value statistics (see [5, 6] for details, also much useful information can be found at the Gene-IT page: www.gene-it.com). For further analysis only those alignments were retained that: (i) displayed signi¢cant sequence similarity (Zv8) demonstrating protein homology, and (ii) concerned di¡erent species (orthologous pairs). Each such aligned pair produces two species-speci¢c, orthologous sequence segments, which on average display 46% sequence identity with not too large scatter. The number of non-identical amino acids within these orthologous segments (depicted in large, coloured letters in Fig. 1 ) is given in the last column. Fig. 1 . Example of orthologous pairwise alignments depicting the concept of species primary-self (and species contrasted-self). Five ribosomal proteins from three microbial species have been aligned (the best-¢t approach of the Smith^Waterman algorithm, gap-open = 12, gap-extension = 4; Blosum62 matrix). Four alignments are shown. In each aligned segment, the identical residues are in small, black letters, while the non-identical residues are in large, coloured letters, and constitute the species primary-self sequences. In alignments #1, #2 and #4 the Pyrococcus primary-self sequences are in dark or light red, in alignments #2 and #3 the Methanobacterium primary-self sequences are in light or dark green, while in alignments #1, #3 and #4 the Yeast primary-self sequences are in dark or light blue. Notice that: (i) the primary-self sequence of the same protein from the same species depends on the partner in the comparison: e.g. the self sequence of the ribosomal protein S13 from P. horikoshii in the ¢rst alignment is not identical to the self sequence of the same protein in the second alignment ; in this ¢gure each of the S13 proteins has two self sequences and the two L11 proteins have one self sequence each; (ii) in each alignment the self sequence of one partner is the non-self sequence of the opposite partner: there are therefore three non-self sequences of Pyrococcus (two equal to the Yeast self #1 and #4, and one equal to Methanobacterium self #2), three non-self sequences of Yeast (two equal to Pyrococcus self #1 and #4, and one equal to Methanobacterium self #3), etc.
genome and the amino acid composition of the proteome [8^14] . Whatever the cause(s) of the di¡erences (most frequently unknown), the non-identical residues in the alignment of sequences from species i and j are characteristic of each species and we shall call them species primary-self segments. Obviously, this notion depends on: (i) the pair of aligned proteins, in terms of both the choice of species compared (i and j), and the choice of the family of orthologous proteins (e.g. the family of ribosomal proteins S13, which is di¡erent from the family of ribosomal proteins L11, etc.; see Table 1 and Fig. 1); (ii) the choice of the alignment method, the amino acid substitution matrix and the numerical parameters employed. In each alignment, and symmetrically, the species primary-self sequence of one partner is the non-self sequence of the opposite partner. The di¡erence between the primary-self segments of each alignment will be denoted as species contrasted-self. Tables 2 and 3 illustrate and explain how we proceeded to calculate these values. In the example of four pairwise alignments given in Fig. 1 , the species primaryself segments are depicted in bold, coloured letters, while the identical residues of each alignment are in small, black letters. In Table 2A we simply count the observed number of amino acid residues in the primary-self segments (gaps are not taken into account), corresponding to the four alignments involving the segments shown in Fig. 1 . It is important to stress that in this manner we can sum up all the self segments of the species belonging to di¡erent nonhomologous protein families. In Table 2B we extend the counting to all the pairwise alignments involving the three microbial species shown in Fig. 1 . Finally, all the 9988 pairwise alignments (see Table 1 ) are counted in the The data are derived from the four alignments shown in Fig. 1 . The observed values characterise species contrasted-self, and represent the di¡erence between the number of residues present in the self segments and those present in the corresponding non-self sequences. E.g. there are 13 alanines in the three self segments of PyrHo (see Table 2A ), and 26 alanines in the three non-self segments aligned with PyrHo (alignments #1, #2 and #4 from Fig.  1 same way and give us the amino acid composition of primary-self segments of each of the 16 species investigated here, from which the distances based upon n-gram (k-tuple) are later calculated. In this work n-gram with n = 1 corresponds to the simple amino acid (20 kinds) composition, while for n = 2 the distances are calculated from the frequencies of dipeptides (20U20 = 400 kinds). The frequencies of tripeptides were not used, since there are 8000 (20U20U20) kinds of them, and the statistics are on the borderline of signi¢cance. However, for a bigger Table 1 ). B: Relationship for the primary-self segments of the same set of proteins. In the upper part (triangles and diamonds) are shown the observed values for each respective species (see the ¢rst columns of Table  2B ). In the lower part are shown the recti¢ed values, which result from the subtraction of expected values (second columns of Table 2B ) from the observed ones (for calculation of the expected values see text). Notice that, whatever the group of amino acids (encoded by (G+C)-rich codons (circles) or (G+C)-poor codons (squares)) the recti¢ed amino acid composition is practically independent of the (G+C) content.
set of sequences there would, in principle, be no obstacle to include n-grams of arbitrary length, the only constraint is actually su¤cient statistics of a population. In a similar manner one calculates the species contrasted-self. Table 3A shows the data for the example given in Fig. 1 , and Table 3B gives the sum total of all the inter-species pairwise comparisons. For the sake of brevity only three species are shown.
As mentioned previously, it has been shown that the overall amino acid composition of several protein families depends on the overall (G+C) content of a given species [8^14]. We have con¢rmed this notion for the complete set of ribosomal proteins listed in Table 1 . As shown in Fig.  2A , the abundance of amino acids encoded by (G+C)-rich codons, and expressed as a fraction of all amino acids (sum total of alanine, proline, tryptophan and glycine), increases when the genomic (G+C) content increases. An inverse relationship concerns the amino acids encoded by (G+C)-poor codons (sum total of isoleucine, phenylalanine, methionine, tyrosine, asparagine and lysine). The same is true not only for the whole sequences of ribosomal proteins, but also for the segments characterising each respective species, i.e. the primary-self segments. Comparison of Fig. 2A and the upper part of Fig. 2B shows that the slopes are similar, respectively 0.17 and 0.17 for the (G+C)-rich and 30.32 and 30.39 for the (G+C)-poor codons. Therefore, a part of characteristics of self segments (especially the amino acid composition) is due to the genomic (G+C) content. In order to eliminate its in£uence as far as possible, we have introduced a procedure referred to as recti¢cation. One calculates ¢rst the expected number of residues that should be present in the self segments (either primary or contrasted ones) based upon the amino acid frequencies in ribosomal proteins of each respective species (see Table 4 ). The expected values are given in the second columns of Tables 2 and 3 . The recti¢ed values (third columns) are simply the di¡erence between the observed and expected numbers. Obviously, the recti¢cation procedure must lead to the total sum of each column equalling zero (last row of each table). In the examples shown in Fig. 2 , only the amino acids speci¢ed by the exclusively (G+C)-rich or (G+C)-poor codons were grouped together (as in [9] ). The remaining amino acids, including serine and arginine, are speci¢ed by mixed, (G+C)-rich and (G+C)-poor codons, and are not shown in this ¢gure. However, in the recti¢cation procedure all residues have been taken into account, and the frequency of none of them any longer depends on the genomic (G+C) content.
In conclusion, the recti¢ed values are no longer dependent on the genomic (G+C) content, as demonstrated in the lower part of Fig. 2B. Table 4 contains the amino acid composition of all 16 species under study, calculated on the basis of the 947 ribosomal proteins. For each species i, its amino acid, a, frequencies sum equals 1, that is:
Calculations
For each two species pair i and j, in order to calculate expected values of each amino acid, a, for the species primary-self, and the species contrasted-self, as well as the corresponding recti¢ed values (Tables 2 and 3) , ¢rst we need to construct a square matrix, with elements N(i,j), of all the pairwise summed numbers of residues between all non-identical segments involved in the comparison, each element of a matrix N containing the sum of residues in all compared non-identical segments from species i and j. Because in aligned sequences there are also gaps of different lengths (spaces), the matrix N is not symmetrical. The frequency of individual amino acids has been calculated for the 947 ribosomal proteins from Table 1 .
In our toy example (Tables 2A and 3A) , we have three species: MetTh, PyrHo and Yeast, and ¢ve segments (three from the S13 ribosomal family, and two from the L11 family) 1 . The same is also true for the second, bigger example (Tables 2B and 3B) , however, as in this sample all ribosomal protein sequences of MetTh, PyrHo and Yeast have been included, the matrices N A and N B in these two examples are di¡erent. For the species primary-self examples (Table 2A,B) , the actual expected values, P Ex (second column for each species), have been calculated, for each species i and amino acid, a, according to the formula:
The recti¢ed values (third column for each species) are di¡erences between the observed values (¢rst column for each species), and their corresponding expected values. For species contrasted-self examples (Table 3A,B) , the expected values, C Ex (second column for each species), have been calculated for each species i and acid amino a using the modi¢ed formula:
The recti¢ed values (third column for each species) are di¡erences between observed and expected values, in the same manner as described for the primary-self example.
However, for the species contrasted-self calculations, the observed values are themselves already taken as di¡erences between the given species i and all the other species included in this particular set^emphasising and contrasting the amino acid composition of each, and all species in the set as compared to every other species involved. Due to the di¡erent number of sequences present in the set of 947 ribosomal proteins for each species (columns 2 of Table 1) , and also to their di¡erent length, in order to better compare corresponding di¡erences, before calculating the Euclidean distances between species, each element of matrices P Ex and C Ex has been expressed as the percentage of the overall amino acid composition, that is:
where TSN i is the total segment non-identity for species i, taken from the last column of Table 1 . The Euclidean distances have been calculated according to the formula: and second parts of the equation above respectively). In exactly the same manner, just by substituting C Ex for P Ex , the Euclidean distances for species contrasted-self data have been calculated. The ¢nal values are additionally scaled, to have the maximum distance equal to 1. Table  5 gives an example of matrices derived from the contrasted-self values.
Results and discussion
The distances, calculated as above, between the variety of self segments (primary, contrasted or recti¢ed) of each species are used to construct the Sammon maps [15, 16] , pyramidal trees [6, 17, 18] and classical phylograms.
The non-linear mapping algorithm of Sammon [15] , based on the idea of projecting objects from a high-dimensional space onto a space of a few dimensions, while trying to preserve relative objects' distances, has recently been applied to proteomics by Agra¢otis (see [16] for in-depth study and computational details). It can be considered as a non-linear extension, to minimise approximation distortions, of the well-known factorial analysis, which uses a linear combination of factors to describe relationships present within a given data set. Both techniques approximate local distance relationships between objects, so the resulting projections are optimised, but nevertheless belong to a broader class of many similar solutions, each describing di¡erent aspects of the original positions of a multitude of objects in a high-dimensional space. Here we have used Sammon maps to supplement information gleaned from a pyramidal clustering.
The pyramidal clustering algorithm is an extension of the hierarchical clustering method. First proposed by Bertrand and Diday [17] , it has only recently been introduced into the ¢eld of genomics [6, 18] . In contrast to the classical methods, a pyramidal classi¢cation allows one object to belong to two overlapping classes. In consequence, the terminal leaves of the tree follow a linear order. Although the order may not be unique, it enables one to precisely identify which object is responsible for linking two subclasses, and which is the object's closest kin. Both methods, Sammon maps and pyramidal clustering, yield optimised, but nevertheless only approximate projections of distances present between objects in a high-dimensional space. Thus, using the two techniques together allows a better understanding of the relationships between 16 microbial species studied.
The results are visualised in Fig. 3 . It is quite remarkable that the species-speci¢c segments are su¤ciently characterised to allow a robust evolutionary grouping of various genomes. In all classi¢cations examined (primary and contrasted) the four members of the Archaea family (Methanococcus, Methanobacterium, Archaeoglobus and Pyrococcus) are clustered together, and Aquifex aeolicus (which is allocated to the kingdom of Bacteria) is imme- diately adjacent to them. This is precisely the grouping one obtains on the basis of the small subunit of ribosomal RNA [20] , and may be related to the suggestion of massive gene exchanges between some thermophiles and Archaea [21] . The clustering of the two Mycoplasma on the one hand, and Escherichia coli and Haemophilus on the other, is less surprising but again quite satisfactory. The position in the tree of the only eukaryote examined, the budding yeast, is more variable and depends on the type of self chosen. The most interesting seem to us the trees based upon the recti¢ed distances, since they eliminate the bias due to the overall amino acid composition (see above). In both cases (the recti¢ed primary-self and the recti¢ed contrasted-self, see pyramidal clustering in Fig. 3) , the Yeast genome is the closest kin of the group composed of Archaea and Aquifex. Furthermore, a classical projection of the distance matrix using the Fitch^Margoliash tree-building algorithm con¢rms the close grouping of Archaea, Yeast and Aquifex. In both types of phylograms the general order of species is the same: Saccharomyces, Archaea, Aquifex subgroup ; EColi, HaeIn, BacSu, Syny3 subgroup, and the Mycoplasma subgroup, which is the most distant one.
On the one hand, these results are not surprising since they strengthen the seminal notion developed by Woese [20] on the evolutionary link between Archaea and eukaryotes. On the other hand, these results are surprising since, on the basis of analyses of non-identical residues in ribosomal proteins, we observe phylogenetic relationships which coincide with those derived from analyses of identical residues in ribosomal RNAs on rDNAs. If this coincidence of the seemingly contradictory approaches remains true for larger sets of proteins and species, it would lead to two important conclusions: (i) that phylogenetic relationships are much more overwhelming than what can be deduced from classical alignment methods. Phylogeny would also determine these residues which, by virtue of the very methodology employed, cannot be aligned and are therefore eliminated from the usual evolutionary comparisons; (ii) that very simple computational methods, like counting recti¢ed frequencies of amino acids and dipeptides, may produce su¤ciently characteristic results to allow building robust phylogenetic trees of proteomes and genomes. The latter conclusion is particularly important in view of the recent statement that``simple amino acid composition, even for the entire sequence, can not generate anything like the traditional tree'' [22] .
It is clear that the tentative classi¢cation of genomes developed in this work is just a beginning and not a de¢nitive answer. Various modi¢cations and improvements can be envisaged. Other groups, as well as complete sets of proteins encoded by di¡erent species should be investigated. We believe, however, that the concept of the genomic style, based upon analyses of frequencies of individual amino acids and their various pairwise combinations, whether applied to non-identical residues in orthologous proteins (this work) or to all members of a proteome (J.P. Radomski and P.P. Slonimski, in preparation), should be a fruitful one. To use a metaphor, all Greek columns have essentially the same structure and perform the same function, but some are Doric, some Ionic or Corinthian: they have di¡erent styles. Nevertheless, they belong to the same architectural culture, which can be easily di¡erentiated from e.g. East-Asian ways of construction. Genomes of di¡erent species may through evolution have acquired di¡erent styles in building up structurally and functionally homologous proteins. Similarities and di¡erences between styles could be the result of deep phylogenetic relationships. This is the ¢rst attempt to uncover them.
